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Design, Fabrication, and Testing of a High-Speed,
Over-Running Clutch for Rotorcraft

by

Frank Fitz, Craig Gadd

Abstract

The objective of this program was to evaluate the feasibility of a very high
overrunning speed one-way clutch for rotorcraft applications. The high speed capability

would allow placing the one-way clutch function at the turbine output shaft, that is, the
input of the rotorcraft's transmission. The low drive torque present at this location
would allow design of a relatively light one-way clutch.

During the course of this program, two Mechanical Diode (MD) type overrunning

clutches for high speeds were designed. One of the designs was implemented as a set
of prototype clutches for high speed overrun testing. A high speed test stand was

designed, assembled and qualified for performing overrunning and engagement tests at
speeds up to 20,000 rpm. MD overrunning clutches were tested at moderate speed, up
to 10,000 rpm and substantial thermal problems associated with oil shear were

encountered. The MD design was modified, the modified parts were tested, and by
program end, clutches were tested in excess of 20,000 rpm without excessive lubricant
temperatures. Some correctable wear was observed and remains as a clutch

characteristic which needs further improvement. A load cycle tester with a special,
long, sample section was designed, built and then prototype clutches were fatigue

tested to verify that the clutch design was suitable for carrying the specified power
levels.
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1. INTRODUCTION

Current helicopters use overrunning clutches as critical elements of their speed

reducing main transmission systems. Due to clutch mechanism limitations, clutches are
located in lower speed but higher torque stages of transmissions. To achieve greater

weight reductions in rotorcraft drive system design, it is desirable to locate the
overrunning clutch mechanism on the high speed, low torque engine output shaft.

Additionally, due to clutch element dynamic interactions, clutches have significant
reliability and flight safety concerns

The purpose of this project, an Army funded Small Business Innovative
Research (SBIR), Phase II, was to design, prototype and evaluate an aircraft quality
lightweight overrunning clutch for operation at speeds from 0 to 30,000 rpm and power
levels from 0 to 5,000 hp. The clutch was designed to operate maintenance free for at

least 5,000 hours service life and to have high torsional stiffness to help prevent
torsional oscillation in the drive train.

An Army funded Phase I SBIR project was completed under Contract NAS3-

26921. The objectives of this over-running clutch initial design study program were:

• Define the constraints and characteristics necessary for a successful

design.

• Develop one or more design layouts which are likely to meet the

requirements.

• Thoroughly analyze the designs utilizing traditional analytical methods.

• Determine and describe in detail a final design based on the analyses.

• Prepare a Final Report which summarizes the results of the program and

includes a detailed Phase II proposal.

The Phase I program was completed successfully and an overrunning clutch
design was produced, including preliminary part drawings. The following list describes

the minimum operating conditions for this design.
Speed Range:
Maximum Continuous Power:

Maximum Continuous Torque:

Limit Torque (200% max):

0 to 30,000 rpm

5,000 horsepower
10,500 in-lb
21,000 in-lb



Yield Torque (230% max):
Ultimate Torque (300% max):
Temperature Range:
Lubricant:
Maintenance Free Service Life:
Oil-off Life (@ 70% power)

24,100 in-lb
31,500 in-lb
-65°F to 400°F
MIL-L-23699
5,000 hours
30 minutes

Maximum Continuous Torque is the torque level which the clutch can operate at
for the full service life. Limit Torque is the torque level which the clutch can reliably

operate at for short and infrequent periods of time,. Yield Torque is the torque level
which the clutch can achieve without exceeding the yield point of any materials.

Ultimate torque is the torque level which the clutch can achieve without fracturing any
materials.

A Mechanical Diode (MD) style one-way clutch was designed for this application.

This type of one-way clutch is in production for automotive automatic transmission
applications; however, special bearing and lubrication provisions were made for high

speed operation. A cross section of the design is shown in Figure 1.
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Figure I

Item 1, PIN 100869, Pocket Plate - Provided an 80 mm bore to fit Bell Helicopter

Textron Inc. (BHTI) furnished bearings. This part is the main structural part of the one-
way clutch and houses struts (the locking element of the clutch), springs and

counterweights to assist high speed engagement.

Item 2, PIN 100546, Torsion Spring - This provides approximately 0.013 Ibf bias on the
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strut toward the notch plate, item 5, at all speeds. Our standard spring for normal MD

designs is used. It has proven adequate at speeds up to 7,000 rpm.

Item 3, PIN 100871, Cam - Assists strut movement into an engaging position at high

speeds. Low speed (10,000 rpm or lower) MD designs use only springs for urging the
struts into locking position. However, since this design required reliable Iockup at clutch

speeds approaching 30,000 rpm, an angular velocity actuated cam was added to this

design.

Item 4, PIN 200213, Strut - A "1" shaped steel plate which engages notches in the

notch plate, Item 5, during lock up and folds down into the pocket during overrunning.

The "T" projections have been lengthened and made symmetrical compared with
conventional (automotive) designs. The greater length of these projections allow

portions of them to lie adjacent to continuous portions of the Notch Plate, Item 5,
surface. This prevents the 'T' end of the strut from entering an engagement notch

during overrun.

Item 5, PIN 100865, Notch Plate - This is the second major component of the clutch
and contains a series of notches formed in one face. These notches allow one-way

Iockup to the pocket plate by means of the struts, Item 4. Three 118 inch diameter
radial holes through the flange provide positive oil flow to the region of the struts and

notches at the outer periphery of the part.

Item 6, PIN 100872, Backing Plate - Serves to support axial spreading forces during

Iockup and retains oil in the strut region during overrunning.

Item 7, O-ring - A standard, commercially available Viton dng.

Item 8, PIN WH-590, Retaining Ring - A commercially available retaining ring with

balancing slots.

Item 9, PIN 200216, Spacer-Provides bearing preload management.

Item 10, P/N 1249-15, Wave Spring -This part has been added on recommendation of

BHTI to properly control the Bell Helicopter Textron, Inc. (BHTI) provided bearings.

Item 11, PIN 599-322-316-101, Bearing- This part is the BHTI recommended and

provided bearing.

Item 12, PIN 200214, Retainer - This part is a threaded retainer to locate the bearings,
Item 11.
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Weightedcams were included in this design to assist strut actuation. The strut used

in this application would push against its pivot pad with a force, Fd, of 306 pounds at 30,000
RPM The frictional drag resisting strut pivoting with an average pivot pad radius of 0.067
inch and assuming a co-efficient of friction of 0.1 would be 2.28 in-lb which is given the label

Tdrag.

VVhere:

f

0O =

strutmass =

coefficient of friction

rotational speed in radians/second
mass of strut - mass of displaced oil

Fd = strutmass • Rs- ¢u2 Equation 1

Tdrag = Fd • f Equation 2

Given the small strut lever arm, RI, (0.20 inch), the spring force required to generate

a counter force to Tdrag would be 11.4 Ibs. This much spring force causes concern over low
speed overrunning wear and high drag during high speed overrun.

This cam finger arrangement is designed to augment the normal strut actuation spring

with a force proportional to the rotational speed of the pocket plate side of the clutch. In this

way the problems with low speed wear and high speed drag are avoided. At low speed, little
added force is generated. At high speed overrun, the pocket plate, which is connected to the

engine, is not rotating and therefore not causing the cam fingers to generate additional force.
Tdrag and the additional force generated by the cam finger are both functions of rotational
speed and closely parallel each other over the speed range.

The cam finger is supported outboard by a pivot pocket formed in the pocket plate
which is the driven member of the clutch. This cam finger is located under the strut and is

shaped so that its mass center is offset from its pivot in the direction of the strut. As the strut

and cam assembly rotate at engine speed, the offset of the cam finger generates a torque
proportional to the rotation speed. This torque on the finger causes the cam surface of the

finger to push on the bottom of the strut, overcoming Tdrag and biasing the strut towards
engagement with the notch plate.

_ Tstrut = (Fs- RI) -Tdrag Equation 3

Fp 2 = Fs2 + (( Tf/Rc • sin 13) + Ff)2 Equation 4
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Tf = T_,Tn Equation 5

Fs = Tf/Rc • cos 13 Equation 6

Tf is a summation of torques calculated from a discrete element model of the irregular

profiled cam finger.

Fn = Rn. Mn. 002 Equation 7

Where Mn is the mass of element "n"

Tn = Fn • Ln Equation 8

Another design consideration for this application was lubrication and heat generation

during overrunning. A simplified model of the MD was studied to estimate intemal
temperature during overrunning conditions. The model used was two annular plates, one

spinning, one stationary. Plate ID was 2.5 inches and plate OD was 5 inches. Lubricant was
considered to be supplied to the gap between the plates at the ID and to leave the gap freely

at the OD of the plates. Specific heat of the lubricant was taken to be 0.5 BTU/Ib-F and the
thermal conductivity of the steel plates was taken to be 26 BTU/hr-_-F. The forced
convection heat transfer coefficient at the oil-plate interface at the velocities involved was

considered large compared with the thermal conductivity of steel. Thermal properties were
considered constant over the temperature range of interest. Actual variation over the

practical range of interest was estimated to be less than 10%. Inlet oil temperature used for

this analysis was 120F.

An energy balance on this model yielded the following.

Energy in at the lubricant inlet, the specific heat times temperature times mass flow:

qi_= Cp Ti_ dm/dt Equation 9

Similarly, energy out at the lubricant outlet is specific heat times temperature times mass
flow:

q_ = Cp Toutdm/dt Equation 10

Energy conducted out by the plates is twice the surface area of the plates times the

conductivity of steel times the temperature difference across the plates divided by plate

5



thickness:

qc_ = 2 A K, (T,vg- T,)_ Equation 11

VVhere

T,_g= (T_ + To=)/2 and Tw is the outer wall temperature of the plates

Energy generated in the gap between the plates was computed from the previous
work which predicted overrunning torque and horsepower. The conversion is 2546 times

horsepower equals energy in BTU/hr.

qi = 2546 HP Equation 12

Lubricant flow through the MD which was previously calculated was used for the

thermal analysis except that provision was made to also include forced flow in addition to that
naturally developed by the spinning plate.

An energy balance on the model provides thermal estimates:

q_ + qi- qco_ - qo== 0 Equation 13

Energies and temperatures were computed for speeds from zero to 30,000 rpm, using
only the "self pumped" oil flow which is essentially linear with speed, with a predicted flow of

0.22 gpm at 30,000 rpm. This resulted in extremely high predicted lubricant temperatures.

Increasing the flow through the MD model 9X to 2 gpm provided more useful results.
The lubricant outlet temperature increased exponentially as speed increased to an ultimate

value of 300F at 30,000 rpm. Overrunning tests carded out on much smaller, automotive

torque converter compare favorably with predictions.

The major objectives were to demonstrate the high speed capability and high

reliability of the MD and to provide a final design which can be integrated in the design
of rotorcraft drivelines. To accomplish this, prototypes were built and tested, based on
the concept designs developed in the Phase I program. The major Phase II program

objectives were the following:

Complete a detailed mechanical design of a high speed over-running
clutch based on the design concept and analysis developed in the
Phase I program.

• Fabricate prototypes to demonstrate the mechanics and geometry of the

design.

6
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• Conduct high speed tests from 0 to 30,000 rpm to demonstrate high
speed capability.

• Conduct life cycle tests to demonstrate high reliability.

2. DEVELOP AND EVALUATE THE MECHANICAL DESIGN

A preliminary layout of the MD in the Bell Helicopter Textron, Inc. (BHTI) test rig
was developed and then revised. The revised version included BHTI supplied parts as
well as the MD installation. The central portion showing the MD to fixture relationship is

shown in Figure 2.

-HIGH SPEED PID CLUTCH

RIG FixTURE

_,_i_ / /TE3T

.,@ F'

Figure 2

Compared with the original design, the two main rotating parts were lengthened

and portions resized to make spline connections with driving elements of the test
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fixture; the outside diameter of the part which house the locking struts was modified to

fit support bearings in the fixture, and the bearing arrangement between the two parts
was modified to use high speed bearings furnished by BHTI along with changes to

improve the bearing support.

These changes suggested by BHTI were adopted essentially as layed out and

the prototype design was developed to fit this BHTI layout exactly except that the two
primary rotating parts have been shortened to allow installation in an in-house, existing
overrun test fixture.

Design calculations and estimates performed in Phase I were reviewed; and in
those cases where dimensional changes occurred, calculations were revised. Original
estimates of the validity of this design appeared to remain valid.

An alternate design concept for a high speed MD based one way clutch was
conceived early in the Phase II effort. This design was carried forward through the

prototype stage of the project to serve as a back up concept to minimize program risk.
This design is a cam actuated, self synchronizing dog clutch which we are designating
a Cam-MD. A description of the mechanism follows.

®

Figure 3

@

Parts List:

1. Notchplate/Follower
2. Cam Plate

3. Pocketplate/Follower

4. Dog Cover
5. Thrust Plate

6. Bushing

7. Spring Plate
8. Wave Spring
9. Extension Spring
10. Screw

11. Screw

12. Bearing

13. Beadng
14. Strut

15. Spring

The mechanism shown in Figure 3 consists of the following components: Fixed

by bolts (11) to the Dog Cover (4) and coaxial with its centerline, is the Cam Plate (2).
The Cam Plate contains five discrete cam surfaces which are machined as recesses

into the surface of the plate. The cam features are equispaced and on a diameter
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which is radially inward from the bolts (11) securing the assembly.

Matched to the individual cam surfaces are individual cam followers. These

features extend axially from the Notchplate/Follower (1) and make contact with the

individual cam surfaces. The Notchplate/Follower is coaxial and concentric with the

cam plate. Coplanar but offset and opposite the cam followers are Mechanical Diode
style notch features. These features are equispaced and on a diameter which is

radially inward from bearing (13).

On this same diameter but opposed from the notch features are spring actuated

struts (14) and springs (15). Both the struts and springs are carried in machined
reliefs which Epilogics typically refers to as "pockets". These pockets are machined
recesses in Pocketplate/Follower (3). Coplanar but offset and opposite the pocket

features are outwardly facing dog teeth which face the dogs from the Dog Cover.

The mechanism is designed to allow for relative rotation between the input shaft

(3) and the output shaft (4) as shown in Figure 4, in only one direction. Relative
rotation can occur when the Pocketplate/Follower is rotating in a direction so that there
is no load acting on the face of the strut. This allows rotation of the

Pocketplate/Follower to occur relative to the inner Notchplate/Follower, the Dog Cover
and the Cam Plate.

WAVE

DDG CDV/R]

ST_poCKETPLATE/_DLLOWE_

CAM PLATE _/ NOTCHF'LATE/FOLLOWE_

Figure 4

When relative rotation between the Pocketplate/Follower and the

Notchplate/Follower is zero, torque can be transmitted between from the input shaft to

the output shaft. For this to occur, the following events must take place.
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Figure 5

The strut in Figure 5 must be must be loaded so that relative angular velocity can
occur between the Notchplate/Follower and the Cam Plate. As rotation between these

two components occurs, so does translation of the NotchPlate/Follower and
Pocketplate/Follower. The means of this translation is the camming action of the Cam

Plate acting on the Pocketplate/Follower. As translation occurs so does compression of
the Wave Spring shown in Figure 5, situated between the Pocketplate/Follower and the

Dog Cover. As the wave spring is depressed dog teeth projecting from the
Pocketplate/Follower are driven precisely into engagement with the dogs projecting
from the Dog Cover. When contact is made between the dog features, torque can be
transmitted between the input and output shafts.

The resolution, angle between engagements, of the prototype clutch with three

pockets and five notches is:

Resolution - 360°
(SNotches) x(3Pockets ) Equation 14

Resolution = 24 ° Equation 15

The force that the strut exerts due to centrifugal acceleration at 30,000 RPM

and a radius Rs = 2.00 in. is given below. Using a lightweight titanium strut and
neglecting oil buoyancy effects, the centrifugal force is as follows.

Variables:

Ms = Mass of the strut = .00143 Ibm
Rs = Radius to the strut = 2.00 in

10
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co = omega = 3135 rad/secA2

g = Acceleration of gravity = 386 in/secA2

Centrifugal Force -
Ms o a__• Rs

- 72l¥
g Equation 16

The cam follower position equation was derived using polynomial methods as

outlined in Design of Machinery, McGraw-Hill, Copyright 1992. A brief outline of the
design analysis is described below.

In order to ensure reasonable behavior of the cam follower, the following six

design constraints were imposed upon the position velocity and acceleration equations
shown below.

1.13=0 4.0=13

y=0 y= .1

y=CO+C]o[8_] +C2o[_f +C3
P P

e [_]3 +C4e [_]4 +fJe [_ ]5

Equation 17

2.13=0 4.0= 13
v=O v=O

o='--_t_',+=c=.e_+_. F°._e_l=+4c4,..+ ],8 L,SJ

3.13=0 4.0=[3
a=0 a=0

a=-_[2C2+6C3e[ fl]+ 12C4o[O y+p 20C5*[O f Jp

Equation 18a

Equation 18b
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Solutions to the constant coefficients were then obtained:

.12

.1

.08

i .06

n .04

.02-

0
0

I i I I I I I
1 2 3 4 5 6 7

degrees

Figure 6 - Translation (y) vs Angular Displacement (theta)

CO=O

C1 =0
C2=0

C3= 1
C4 = -1.5
C5 = .6

Variables:

e = angular position. (degrees)

= final angular position. (degrees)

y = follower translation. (in.)
v = velocity of follower translation. (in/degree)
a= acceleration of follower translation. (inldegree^2)
CO, C1, C2, C3, C4, C5, C6 =constants (uniUess)

To verify that boundary conditions had been satisfied, plots were made
for the position and acceleration curves. Figures 6 and 7 display the
results.

12
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i 25
n 0
/ -25
d
e "_
g -75
r -100

-15o
2-175

-2OO
0

I I I I I I I

I 2 3 4 5 6 7

degrees

Figure 7 - Axial Acceleration (a) vs Angular Displacement (theta)

Cam Pressure Angle - In order to ensure that the cam follower would easily

translate, a cam pressure angle of less than 30 degrees is considered acceptable. The

cam pressure angle is defined as the angle between the axis of follower translation and

the normal to the cam surface and is given by the relation.

= atan((vIN)l(ylN + r))

where,

v = angular velocity of the cam (in/sec)

N = translation velocity of the cam (rad/sec)

y = follower displacement
r = cam base circle radius

trial and error methods were used until suitable values for r and b were

found. The results are as follows.

Equation 19

r >2.4

13>6.5 degrees.

Figure 8 depicts the results.
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Figure 8 - Pressure Angle phi vs theta

Dynamic Force Analysis
The dynamic force analysis was based on the model shown in Figure 9.

. ./.. ,-./..././. ,.. , ./ ./ ,. >2>,./////.//,

;;::?

N [
"(i'!::) °

":;";?;I wAvE+, ,+mu ,; _ '" r"'SS CENTER +OR U+ AND UZ

++i ' "
" I_ J:EZ_

i " i CAM _ND rOLLOWEI _/

/', //.-V>

"_;: [EECt--

;'z/,
{_ // ....

:_:;+:_;>:_::_ "._"":':':'+_'_'"'/",/" ' ," "":+J :'':(" ";'_" " UA$._ 3 IS PEr[R[NC(_ AS GROUN[,

Figure 9 - Spring-Mass Diagram

The point masses ml and m2 represent the masses of the Notchplate/Follower

and the Pocketplate/Follower respectively. The mass m3 represents the Dog Cover
and the Cam Plate, which for the purpose of simplifying the model has been shown as

14

_'VI I



ground. The springs, kl and k2 represent the spring constants for the wave spring and
the coil spring.

To allow for angular acceleration to be applied to the cam as well as variable

angular velocity, the polynomial equations and derived coefficients needed to be
rewritten in differential notation, the form of the equation is shown below.

y = f(e) v=dYo cl8
dO dt

a- dy .d_8+ dv • .dO 2

Equations 20 & 21

Equations were then written to describe internal forces within the clutch. Where

the variables a, v, y now represent the differentials above.

F12x3 = Ffct*cos(_p)+(k2*r*0)+Fpl2

F12y3 = Ffct*sin(_)+Ffs+ml 2*a+(kl*y)+Fpll

Ffct = ul*(F12y3*cos(_)+F12x3*sin(_p))

Ffs = ul*(F12x3)

_= atan((vlN)l(ylN + R)
N = SQRT(2*d2theta*(theta))

Variables:

F12x3 = force of mass 1 and mass 2 on mass 3 in the x direction. (Ibf)

F12y3 = force of mass 1 and mass 2 on mass 3 in the y direction. (Ibf)
Ffct = frictional forces on the cam follower interface. (Ibf)

Ffs = frictional forces acting on the spline during translation. (Ibf)
• = pressure angle (degrees)
N = rotation velocity of mass 1 and 2 relative to mass 3. (radians/sec)

Constants and Knowns:

d2theta = angular acceleration of mass 1 and 2 relative to mass 3.
(radians/sec^2)
ul = coefficient of friction between oiled steel on steel

Fpl2 = Force of the spring2 preload. (Ibf)
Fpll = Force of the spring1 preload. (Ibf)
m1,2 = mass of the follower (Ib-seC/in)
a = translation acceleration of mass follower (in/sec^2)

15



y = translation of the mass 1,2 follower (in)
v = velocity of the mass 1,2 follower (in/sec)
R = radius to the cam follower interface

theta = angular displacement of cam shaft. (radians)

With the dynamic equations programmed using commercially available math
software [1], trial and error methods were used to design necessary springs, determine

axial and radial bearing forces as well as find limitations in part geometry and strength.

Considered to be of prime importance in the sizing of components was the
contact stress between the follower and the cam surface. To determine contact stress

values for radius of curvature were determined using the equation shown below.

rhop = ((r + y)^2 + (v/N)^2)Al.5/((r+y)^2 + 2"y^2 - ((a/NA2)*(r + y)))

Equation 22

Variables:

rhop = radius of curvature (in)
(remaining variables and units are same as those in above list)

Values for radius of curvature were then plotted for the range of theta, to find
minimum and maximum values of radius which would yield the greatest contact stress.

The plot depicting radius of curvature is shown as Figure 10.

4
3
2
1
0
-1
-2
-3
-4
-5"

-6
0

1 I I I 1 I I

1 2 3 4 5 6 7
degrees

Figure 10 - Radius of Curvature vs Angular Displacement
(theta)
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Using Roark's Formulas for Stress & Strain [2](Table 33. Loading case lb, lc)

maximum contact stress for a sliding follower with a .040 in radius and a .75 in length
was determined to be

Sc = 50,000 psi.

Two torque capacities were calculated for the clutch. The first capacity being the

stress that the dogs would be able to withstand during engagement, and the second
capacity being the stress that the strut would be subject to during approximately 7

degrees of preengagement.

Neglecting the shock to the dogs, and assuming a shear loading condition at the
base formulas for torque and shear stress are as follows.

•_ = F*r a = F/A

Equations 23 & 24

= total torque applied = 1,000 ft*lbf

r = radius to the center of the dogs = 1.891 in

F = force collectively applied to 15 dogs = 6345 Ibf
A = total area in shear for 15 of dogs = 1.00 in
a = 6345 psi

Compressive stress induced on the strut was found using the previously derived

dynamic equations. The figure shown below is for a 3,000 RPM/S engagement with the
same strut dimensions referenced in the centrifugal force calculation.

Because the dog teeth should not produce a resultant tangential force, load on
the plain bearing should be zero during engagement and minimal during the pre-

engagement.

Both designs were evaluated carefully and ultimately the counter weight type

design was selected for the following reasons:

Simplicity - The design has many fewer parts and is less dependent on

careful forming of features and on close tolerances.

Risk - Both designs offer considerable risk since neither had ever been

evaluated at extreme overrunning speeds. However, since designs
similar to the counter weight version had successfully functioned at

17



conventional overrunning speeds, this design was felt to offer slightly
lower risk.

3. Sample Preparation

Primary design drawing packages were distributed to several candidate
machining vendors as part of a solicitation for quotations and comments. As a result,

several minor changes were made to the drawing package to enhance completeness
and manufacturability. A machining vendor was chosen and an order was placed.

Prototype parts were produced as specified in the drawing packages with the

exception of the primary design Pocket Plate (PIN 100869) and Backing Ring (PIN
100872). These two parts were modified to allow using a Woodruff Key based anti-

rotation provision instead of the originally specified machined lug approach

All parts received appeared to conform to basic specifications of the drawing
packages and were successful assembled without further modification.

Prior overrunning tests had been run in-house on drag racing torque converter
MDs and on various automotive and industrial prototype one way clutches. The

helicopter prototypes were both longer and somewhat larger in diameter than those
which were normally tested. Therefore, the test fixture required modification.

0,_ Deh_ery

Ho_s,ng Sh,m

Be,_

\

\

\

,3 {_ oaap_o, --

Figure 11" Overrun Fixture Cross Section
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A cross sectional view of the fixture is show in Figure 11. A pair of extenders for

the fixture, labeled Housing Shim were added to provide axial space and the oil delivery

system was modified from the existing ported bulkhead type of feed to an centedine
stationary tube type of feed. Initial operation of the fixture revealed serious oil leaks at
the shim joints and a need for a closed end with cross holes modification to the
centerline oil feed tube. These deficiencies were remedied and the fixture was

prepared for overrun testing.

The primary design prototype was assembled, mounted in the overrunning test
fixture and operated at speeds up to 3,500 rpm. Testing was brief due to several oil

leaks caused by inadequate sealing of the newly modified test fixture. The prototype
was then disassembled and inspected. Visual appearance of the MD internal parts was
unchanged, suggesting that low speed operation was as designed.

A full dimensional check of the primary prototype was performed. Parts included

in this inspection were:

100546 Spring
100865 Notch Plate
100869 Pocket Plate
100871 Cam

100872 Backing Ring
200213 Strut
200214 Retainer

200216 Spacer

Critical dimensions were found to be generally within specification and based on

this inspection, the parts are believed suitable for low speed, general function testing.
Sufficient discrepancies were found that enhanced in-process controls were used for
subsequent prototype fabrication.

The modified overrunning test fixture was reworked to eliminate oil leaks. During

repairs, the oil delivery tube which is located on the tester's central axis was modified to
increase the size of the oil holes.

The primary prototype was disassembled, the bearing retaining nut was securely

tightened and secured with thread locking compound. On final assembly, the O-Ring
seal at the OD of the oil retaining washer was coated with RTV silicone rubber
compound to insure a good oil seal. No part modifications were required for proper

assembly.

On completion of preparations, a 48 hour overrunning test was conducted. Initial
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operating speeds were between 4,800 and 5,000 rpm with the speed ultimately
increased to 7,200 rpm. Higher speeds were not possible due to the horsepower

limitations of the engine lathe which is the power source for the overrunning tester.
48 hours of running time were accumulated over a period of 6 days. Lubricant

temperature varied with ambient temperature but was generally about 200°F. No

unusual behavior was observed during the test.

The

The primary prototype was completely disassembled on completion of the

overrunning test and each component was inspected for signs of wear or distress.
Results were as expected for an MD type one way clutch; no signs of wear or distress
were discovered. The struts and notches were examined especially carefully. Some
overrun related abrasions were evident on both notches and struts; however, this slight

level of abrasion was caused by hand turning the MD during assembly and preparation

since the appearance of these parts after the overrunning test was the same as before
the test. This is typical of MD's which are overrun with liquid, in this case Automatic
Transmission Fluid (ATF), present in abundance at the strut/notch plate interface since

the struts are maintained out of contact with the notch plate by fluid forces.

Nominal lock up behavior was verified by manually loading the reassembled MD

in the lock direction with a torque wrench. Wrench capacity is 250 ft-lb and it was

operated in a 50 ft-lb overload condition to apply a 300 ft-lb torque to the MD.
Approximately 2,000 Ioadings were applied over a 3 hour period. On completion of
loading, overrunning remained smooth and quiet. Subsequent inspection revealed no

problems.

Minor changes were required to conform to the BHTI high speed tester design.
Revised drawings were forwarded to BHTI for review and correction if necessary to

insure proper interface with the high speed tester. A set of the final drawings as
approved by BHTI and provided to fabricators is attached. (See Appendix B)

This program was originally developed assuming that the prototype material
would be $7 tool steel or a similar material. However, some of the prototypes were
fabricated out of a precipitation hardening steel from Carpenter, designated AerMet

100o This material presented at least two challenges. First, the material cost was

significant, over $19 per pound for the AerMet compared with under $4 per pound for
$7. AerMet was available in 8" diameter and a length of approximately 20" was

required for the two major parts. This resulted in an order of magnitude cost increase.

Machining costs were estimated to be higher for the AerMet also, due to its increased
hardness in annealed condition compared with $7. A small test bar of AerMet was

used for rough material evaluation. Initial tests indicated that all of the small end mill
work presently required on the notch and pocket plates would need to be done by

plunge EDM (Electrical Discharge Machining). Further machining tests were done on
the test bar to better determine what portion of the metal removal could be done by
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milling and what portion by EDM.

A local vendor experienced in heat treating AerMet 100 was located and the heat
treating procedure for the prototypes was determined. Although the AerMet is more

stable through heat treat than $7, we decided to leave the fabrication process, including
grind stock allowances the same for both materials. This increased the metal removal

required during final grinding operations slightly, but was a safe approach.

Machining of these complex parts in general and the AerMet 100 parts
specifically proved to be a challenging task for local machining services vendors.
Ultimately the task was completed and the parts were produced within specification and
with excellent surface finishes and overall appearance.

4. Demonstrate High Speed Capability

A comprehensive test plan was developed to evaluate the MD's overrunning

performance at high speeds. A copy of the plan is attached as Appendix A. The
sequence of testing was to perform the planned tests at incremental speeds up to
20,000 rpm. Then, if all was going well, to perform the 30,000 rpm tests on a best
efforts basis.

Twenty seven high speed tests were performed and results of these test runs are
summarized in Table1 below. Following the table is a discussion of the significant
groups of tests and the related development of the MD.

Table 1 - High Speed Overrunning Test Summary

Run

Nr Date Events

1 5/22/96 Warmup,

2 5/30196 Warmup

Overrun

Slow outer race speed increase

Lockup, outer race drive, inner race
none

3 5131/96 Warmup

Stop

Accelerate inner race to 10,000 rpm

Hold at 10,000 rpm overrun

Increase speed

Shutdown, oil temp high & not
stabilizing

Duration

Minutes

Speeds:
(rpm)
Notch

Plate

(I/R)
10000

49 10000

1 10000

23 10000

5 10200

10 15000

2 0

2 10000

6 10000

0.5 13500

Pocket

Plate ence

(O/R)
1OOOO

0 10000

0 10000

10000 0

10200 0

15000

0

0

0

Flow Temp
(gpm) (°F)

Differ- Oil In

Oil In Oil Delta
Out

0.9 124 270 146

0.9 123 271 148

0.9 112 140 28

0.9 111 139 28

0 1.6 41 149 108

0 1.6 120 121 1

10000 1.6 41 166 125

10000 2.7 41 250 20(3

13500 2.7 411 293 252

0 2.7 C

21



Run

Nr

4

5

Date

7110/96

7112/96

6 7116196

7 7118196

8 7119196

9 815196

10 10123/96

11 10/26/96

12 10128/96

13 10/30/96

Events

Check run, ok at 10,000 rpm

Duration

Minutes

.... 1(]

Warmup

Accelerate inner race to 10,000 rpm

Overrun at 10,000 rpm

Slowly increase outer race spd to
engage
Drive with outer race

1(]

0.5

9

30

0.5

Warmup

Flow opt. 1.9 to 3.2 gpm, 2.5 gpm
best
11,000 rpm overrun

12,000 rpm overrun

13,000 rpm overrun

15

33

2

8

3

1(),000 rpm overrun

End of overrun

15,000 rpm overrun start

Middle of run

End of run

Warmup

Stow outer race to 8,000 rpm

58

0.5

4

2

8

15

Warmup (10,000 rpm overrun)

Accelerate inner race to 15,000 rpm

Overrun at 15,000 rpm

Accelerate outer race to 15,000 & lock

up
Decelerate outerace to stop

Overrun at 15,000 rpm

Increase outer race speed to 10,000
rpm
Outer race speed to 4,000 rpm & hold

Slowly accel outer race and lock up

8

18

3

2

1

6i

2

4

20

Overrun at 18,000 rpm

Warmup

Increase inner race spd to 20,000 rpm

Increase outer race spd to lock up

Stop outer race

Hold at 20,000 overrun

Increase outer race spd to 5,000 rpm

Increase outer race spd to 8000 rpm

5

1

1

5

0.3

0.1

?Overrun at 15,000 rpm

Accelerate inner race to 15,000 rpm

Overrun

Changed oil temp controls

Speeds:
(rpm)
Notch

Plate
(I/R)

10000

3000

10000

10000

10000

10200

10OO0

100O0

110O0

120oo!
13000

1OOOO

1OOOO

15000

15000

15000

20000

20000

lOOOO
15000

15000

15400

1500O

15OOO

15O00

15000

15100

18000

15OO0

20000

2040(]

20000

20000

20000

20000

15000

Pocket Differ-

=Plate ence
:(0_)

0 10O00

0 3000

0 I00O0

0 100O0

10000 0:

10200 0

0 10000

0 100OO

0 11000

0 12000

0 13000

0 1OOOO

0 10000

0 15000

0! 15000

0! 15000

20000 0

8000 12000

0 10000

0 15000

0 15000

15400 0

0 15000

0 15000

100O0 5O0O

4000 1100O

15100 0

0 18000

0

ioooo 5o00
10000 10000

20400 0

0 20000

0 20O0O

5000 15000

8000 12000

o! 15oo0
0

Flow

(gpm)
Oil in

Temp
(°F)

Oil In Oil Delta
Out

2.7 0

2.7 170 t61 -9

2.7 165 191 26

2.64 180 265 85

2.75 180 196 16

2.75 180 195 15

2.61 131 219 88

2.5 137 226 89

2.51 137 232 95

2.51 149 251 102

2.5 153 264 111

2.67 112 168 56

2.63 162 250 88

4.4 171 342 171

3.9 178 356 178

3 177! 361 164

2.56 128 156 28

2.58 178 273 95

2.73 168 204 36

2.76 159 248 89

2.73 159 256 97

2.73 165 201 36

2.7 162 181 19

2.74 159 258 99

2.72 165 223 56

2.72 168 296 128

2.77 159 179 20

0

0

2.58 147 186 39

2.64 156 252 96

2.63 162 202 40

2.57 166 314 148

2.67 200 374 174

2.55 200 407 207

2.65 200 393 193

¢

C
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Run

Nr Date

15

16

17

Events

Overrun with different oil temp

settings
Overrun with different oil temp
settings
Overrun with different oil temp
settings
Overrun with different oil temp
settings

11/1/96 Accelerate inner race to 20,000 rpm

Overrun at 20,000

Stop & check oil temps

1114196 Slowly accel inner race to 17,500

Stop & check oil temps

Accel both races to 15,000

Outer race to 17,500 & hold

Stop both races and stabilize

Accel both races to 15,000

Accel inner race to 17,500

Maintain speeds

Increase inner race speed to 20,000

Maintain speeds

1115196 Accelerate inner race to 22,000 rpm

Maintain speed

_,ccelerate outer race to lock up

Stop both races

_ccelerate both races

Hold speeds

Decelerate to 10,000 rpm

Increase speeds

Increase outer race speed to lock up

Stop & check oil temps

18 11/6196 Overrun to warmup

Accelerate to initial speeds

Hold speeds

Increase speeds

Increase inner race speed

Increase speeds & lock up

19 11/21/96 Warmup, inc inner race spd to 15,000
rpm
Overrun

20 11126196 Increase speed to 15,000 rpm

Overrun

Increase speed to 15,000 rpm

Speeds: Flow Temp
(rpm) (gpm) (°F)

Duration Notch Pocket Differ- Oil In

Minutes Plate Plate ence Oil In Oil Delta
O/R) (O/R) Out

6 15000 0 15000 2.57 140 251 111

? 15000 0 15000 2.5 152 261 _ 109

7 15000 0 15000 2.7 1601 274 114

2 15000 0 15000 2.7 178 276 98

0 0

2.5 20000 0 20000 2.78 174 297 123

20000 0 20000 2.77 161 344 183

15 (J 0 0 1.98 72.5 131 58.5

0 0

35 1750(_ 0 17500 2.32 121.7 149 27.3

10 0 0 0 1.72 88 135 47

5 15000 15000 0 2.33 98 120 22

5 17500 15000 _ 2500 2.31 105 133 28

8 0 0 0 1.7 77 121 44

4 15000 15000 0 2.27 89 109 20

0.5 17500 15000 2500 2.28 90 114 24

3 17500 15000 2500 2.26 99 126 27

0.1 20000 15000 5000 2.26 102 140 38

3 20000 15000 5000 2.23 110 160 50

0 0

2.5 22000 0 22000 2.68 117 263 146

3 22000 0 22000 2.66 140 322 182

2 22300 22300 0 2.64 1551 207 52

1 0 0 0 2.57 147 195 48

2 23000 15700 7300 2.7 150 247 97

3 23000 15700 730(] 2.69 150 233 83

1 10000 10000 C 2.67 145 179 34

0.5 23000 15000 8000 2.75 145 216 71

0.2 23200 23200 0 2.76 143 190 47

1 0 0 0 2.27 129 181 52

- 0 (:

4 17500 10000 7500 2.69 129 187 5E

10 17500 10000 7500 2.74 168 236 6E

2 20000 15000 5000 2.73 175 219 4_

1 23000 15000 8000 2.76 175 245 7C

1 25500 25500 0 2.72 170 219 4.¢

12 15000 0 15000 #N/A

27 15000 0 15000 #N/A

12 15000 0 15000 151 #N/A

7 15000 0 15000 166 #N/A
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Speeds: .... Flow Temp

(rpm) (gpm) (°F)
Run Duration Notch Pocket Differ- Oil In

Nr Date Events Minutes Plate Plate ence Oil ln Oil Delta
(UR) (O/R) Out

Overrun 30 15000 0 15000 166 #N/A

22 11/26/97 Increase speed to 10,000 rpm 4 10000 0 10000; 99 #N/A
Overrun 7 10000 0 10000 99 #NIA

23 11/26/96 Increase speed to 15,000 rpm 20 15000i 0 15000 126 #N/A

0 #N/A

24 12/4196 Increase speed to 15,000 rpm 16 15000 0 15000 135 #N/A

Overrun 9 15000 0 15000 #N/A

- 25 12/4196 Increase speed to 15,000 rpm .... 14 15000 0 15000 #N/A

0 #N/A

26 12/9196 increase speed to 20,000 rpm 17 20000 0 20000 2.78 200 331 131

Overrun 20 20000 0 20000 2.68 223 371 148

27 12/11/96 Increase speed tO 20,000 rpm -" 50 20000 0 20000 2.68 225 368 143

Hold speed 3 20000 O 20000 2.7 226 382 156

Reduce spd to 17,500 & hold 4 17500 (] 17500 2.72 227 364 137

Increase outer race speed to 9,500 2 17500 9500 8000 2.73 235 257 22

Hold speed 2 17500 9500 8000 2.77 223 240 17

Stop 2 0 0 0 0.1 212 262 50

I/R- InnerRace; O/R - OuterRace

First test was a spin up of the MD in locked mode to 10,000 rpm. Noise,
vibration and temperatures appeared well within safe limits. This was followed by

overrunning at 10,000 rpm with the outer race locked to ground. The upper oil outlet
temperature appeared high and overrunning torque also measured unexpectedly high.

Testing was stopped to determine the cause. On inspection, it was determined that the
MD inner race shaft to test fixture upper adapter clearance was inadequate based on

visual evidence of rubbing and high temperatures. The fixture adapter was relieved to
provide additional clearance and the MD shaft was polished without disassembly. The
MD oil feed hole was increased to approximately 0.12" diameter at this time also,

providing oil supply up to about 3 gpm at maximum lubricant oil delivery pressure. The
fixture was reassembled into the test rig.

Second test was an overrunning stair step. The inner race was brought up to

10,000 rpm, overrunning, with the outer race locked. The outer race speed was
increased from 0 to 10,250 rpm in about 500 rpm increments over a period of 2 hour.

The speed increase was not particularly linear with time, with the last 15 minutes of this
test being done at overrunning differential speeds of less than 400 rpm. Engagement
of the outer race to the inner race at 10,000 rpm was successful; evidenced by the

inner race being driven to 10,250 rpm by the outer race. On completion of this test, the
MD was disassembled and inspected. Some wear was evident on the struts and notch

plate. Thickness of the struts was reduced by 0.002 inches on the top surface of the
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two protrusions of each strut. Two corresponding wear rings were evident on the notch
plate; these were measured as approximately 0.0006" deep. The MD was reassembled

with new struts, springs and counterweights and reinstalled in the test rig.

Third test was a locked mode spin up of the MD to 15,000 rpm. This was

accomplished without difficulty after modifying the oil supply tube mounting slightly to

change its resonant frequency.

Fifth test was an attempt to overrun at 15,000 rpm. The outer race was locked
and the inner race speed was increased incrementally. The test was terminated at

13,500 rpm due to excessive upper outlet oil temperature. The lubricant temperature at
this outlet had reached 300 F with no sign that it would stabilize at or near this

temperature. The MD was disassembled and examined. No high friction areas or
areas of obvious overheating were discovered. A conclusion was reached that the oil

overheating was due to oil shear and/or churning. A series of changes was determined
to reduce the amount of oil shearing:

Increase the ID of the oil retention washer to 4.48 inches. This provides a
sufficient oil outflow barrier to insure that the strut area remains flooded without

additional unnecessary oil shear area.

Reduce the radial size of the axial load contact on the back of the notch plate to

half its original dimension and increase the axial relief distance in the vicinity of

the ring to 0.05 inches. This minimizes the low clearance oil shear area.

Increase the number of relief slots in the axial load contact ring on the back of

the notch plate from 4 to 8 and add a 10 degree trailing edge ramp. The
increased number of slots will promote oil flow for cooling and the trailing edge

ramps will increase the likelihood of formation of a lubricating oil wedge under all
conditions.

Drill six 114 inch diameter oil drain holes in the face of the pocket plate to reduce

churning of trapped oil between the notch plate and the bearing housing portion
of the pocket plate.

An additional change was being made, unrelated to the high lubricant

temperature problem. A new set of counterweights was being fabricated to reduce the
axial force on the struts by about 50%. The weight reduction was achieved by

removing non-essential portions of the cam without changing its strut contacting profile.
This was intended to reduce the above mentioned strut wear. This wear was believed a

result of excessive counterweight force at low differential but high absolute speeds.

High speed testing was then continued with Test #7. Modifications to prototypes
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were completed on two prototypes. The parts were forwarded to BHTI and
subsequently were evaluated according to the test plan. Overrunning and MD

engagement were confirmed at 10,000 rpm and a successful overrun, engage series
was completed at 15,000 rpm. Based on these results, BHTI attempted a 20,000 rpm

test sequence.

At 20,000 rpm, oil temperature was high and did not stabilize within reasonable
limits, so the experiment was terminated and BHTI reported the results. Since the

previous modifications substantially improved the oil heating characteristics of the MD

at high overrunning speed, we decided to undertake further modifications to reduce the
remaining oil shear areas. The changes were as follows.

Increase the diameter of the oil drain holes added to the pocket plate from 114

inch to 318 inches to insure that the inner portions of the MD remain free of liquid

at the high oil delivery rates required to achieve part cooling during high speed
overrunning.

Relieve the surface of the pocket plate between the three pockets. Mill away the
plate surface to a depth of approximately 0.05 inches between the pocket,

leaving each pocket formed in the surface of a small pedestal.

Increase the diameter of the turned face relief on the pocket plate to minimize
the unrelieved radial distance at the pocket pedestal.

Decrease the radial dimension of the axial load bearing ring on the outer side of

the notch plate to 118 inch, and increase the axial relief at this feature to 0.06
inches.

Drawings with these changes were prepared and three prototypes were sent to a
local machine shop to accomplish the changes. Copies of the drawings are attached

as Appendix C.

Tests #10 through #18 were carried out by BHTI on fully modified samples as
described above. Initial runs were designed to explore the improvement in lubricant

temperature rise, if any. These seven test runs were conducted under cold to warm oil

inlet temperature conditions. Oil temperature stabilized at overrunning speeds up to
22,000 rpm. During this test series, BHTI determined that the reliable upper speed limit
of the test rig was 20,000 rpm. Sustained operation at speeds significantly higher than

this limit were judged likely to result in premature bearing failures.

A final pair of test runs were conducted to check the MD's oil heating behavior under
hot oil inlet conditions. Extended overrunning at 20,000 rpm differential speed, with an

inlet oil temperature of 225°F resulted in a stable temperature rise across the MD of
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143°F. This temperature increase was judged conditionally acceptable.

Part wear, especially the upper surface of the struts continued higher than desirable.
The continued efforts to decrease the strut force exerted by the counter weights again

resulted in decreased strut wear; however, even with test runs of only a few hours,

there was visible strut polishing and wear. Additional effort is required to improve the
surface finish of the strut opposing surfaces and of the struts them selves to allow very

small gap operation without contact and resulting wear. Further, strut surface hardness
needs to be increased to improve the strut's resistance to occasional contact with

mating parts. These modifications need to be formulated, prototypes modified and

finally the prototypes tested to verify acceptable wear levels before this design can be
considered ready to develop into a production version.

5. Life Cycle Testing

Although the primary objective of this program was to investigate the high speed

overrunning characteristics of the MD, verification that the design being evaluated was
suitable for carrying the required torque during lock up was required. To perform this

verification, the following test plan was devised.

Torque requirements are as set forth below:

Maximum Continuous Torque

Limit Torque (200% max)

Yield Torque (230% max)
Ultimate Torque (300% max)

875 ft-lb

1,750 ft-lb
2,008 ft-lb
2,625 ft-lb

The objective of the load cycle tests is to provide confidence in the proposed

clutch design by demonstration of the following.

- Repeated loading to the Maximum Continuous Torque with no damage
or wear.

- Load cycle life in excess of 500,000 cycles at the Limit Torque load.
- Linear torque/angular deflection characteristics to at least the Yield

Torque value.
- Ultimate strength in excess of the Ultimate Torque value.

The test specimen consisted of a pocket plate (PIN 100869C1), a notch plate
(PIN 100865C1), 3 cams (PIN 100871), 3 struts (PIN 200213), 3 springs (PIN
100545), 2 lock washers (PIN 200216), retainer (P/N200214, and Smalley

retaining ring WH-590. This test assembly was designed to operate in a high

speed overrunning fixture; therefore, the load cycle fixture, including appropriate
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adapters was designed to accommodate the test assembly. The load cycle test
fixture is shown in Figure 12.

Figure 12

The tests were conducted in the load cycle fixture shown in Figure 12. The
tester was located at a subcontractor's facility. The input (notch plate 100865)
shaft is driven by a hydraulic cylinder acting on a lever arm which is attached to

the shaft. The shaft is driven alternately clockwise and counterclockwise and
this causes the MD to drive the output (pocket plate PIN 100869) in one direction

but discontinuously. The output shaft is connected to a disk brake through a
torsional load cell. The disk brake serves as a low power, high torque

dynamometer and loads the MD output shaft to a selected level. The test
specimen is immersed in lubricant which remains at approximately room
temperature. The test lubricant was commercial automatic transmission fluid.

The following test parameters will be monitored and recorded at the standard
system interval during all testing:

Time of Day
Total Test Time

Input Shaft Cycle Rate
Output Shaft Torque

The load cycle performance tests shall be in accordance with Table 2
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Step Rate Load Run Time
(cycles/sec) (ft-lb) (cycles)

1 1 400 100

2 2 400 100

3 2 875 100

4 3 875 20,000

5 3 875 250,000

Table 2

The test steps in this table describe a testing sequence to evaluate the clutch at
the maximum continuous torque. Steps 1 through 4 are a planned set of initial
tests to verify that the test rig and sample are performing properly. Step 5 is a

realistic test to verify that the clutch has nominally adequate fatigue
characteristics. This test sequence is the primary verification that the size range

of the prototypes is appropriate for the intended applications.

On completion of the above, a second test assembly shall be installed in the test

fixture and tested to failure according to Table 3.

Step Rate Load Run Time
(cycles/sec) (ft-lb) (cycles)

1 3 to 5 1,750 to failure

Table 3

This table specifies testing of a prototype clutch at the limit torque, a torque load
twice the maximum projected load.

On completion of tests in Table 3, a third test assembly shall be installed in the

test fixture and tested to failure or to the load capacity of the test fixture

according to Table 4.

Step Rate Load Run Time

(cycles/sec) (ft-lb) (cycles)

1 .025 to failure 1

Table 4
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This table specifies a one time loading of the clutch to verify that torsional

stiffness is as expected. The torque vs twist angle from one end of the clutch to
the other was expected to be essentially linear within the range of normal use.

Several design approaches were considered for the test system to carry out this

test plan; the tester to be built for this project was a modified unit built by a
subcontractor.

Changes to the design were kept to a minimum, but included at least increasing
the machine stroke and the length of the sample mounting enclosure. Specifications for
the tester are:

Capacity- 1,800 ft-lb nominal
3,000 ft-lb dynamic
3,200 ft-lb ultimate

Speed - up to 8 cycles per second
Stroke - 0 to 14 °

Initial Tests

1X Fatigue

2X Fatigue

Steps 1 through 4 of Table 2 were carded out during a project review. On

completion of this sequence of tests, the sample clutch was removed from
the test rig, disassembled and inspected. All parts were in the same
condition as when the test started except that slight shininess on the load

bearing strut ends was evident. Examination of the strut ends revealed

slight surface asperity height reduction from repeated loading.

Step 5 of Table 2 was completed and the parts returned for inspection.
No signs of distress were found during this inspection. Strut ends showed

slight surface asperity reduction from compressive loading and a small
amount of fretting corrosion was evident within the MD bearing housing.

Based on life cycle tests of other similar automotive parts, these
observations are believed to be normal for parts which have been

subjected to a 250,000 cycle test. No changes or part modifications are
planned.

2X load fatigue testing was carried out. The initial test at this torque was

terminated at 2,091 cycles due to failure of the small male spline on the
test fixture. A new one piece replacement fixture was made and and heat

treated for improved strength. Testing was restarted with a new

specimen. The sample failed after 296,143 load cycles. Failurewas a
spiral fracture of the hollow shaft immediate adjacent to the small spline
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connection on the notch plate part of the MD. The mating portion of the
new fixture was also damaged as a result of the shaft fracture. This shaft

and the small spline incorporated into it are sized to fit the BHTI high

speed overrunning test rig. Examination of the MD revealed no evidence
of distress, cracking or unusual material deformation. Based on this
testing, it is likely that this design will meet the torque carrying portions of

the development specification.

Life cycle test samples were inspected and cause of failure determined as

described in above. The one-way clutch portions of the life cycle test samples was

virtually unaffected during testing up to the point of failure of the shafting sized for the
high speed overrunning rig.

No strength or life related modifications to the one-way clutch are planned since

the load handling capability of the prototypes appeared to be adequate.

6. Recommendations/Future Work

Over the course of this program, development of the MD for high speed
overrunning dealt primarily with the thermal problems associated with high speed

shearing of the lubricant. Concern of component wear were not adequately addressed
and represent additional work required to fully develop the MD for high speed use. The
part wear observed during testing was by no means catastrophic; however, sufficient

strut and spring wear was observed to suggest that this issue will require improvement
to assure adequate service life for the MD. Several material surface treatment changes
have been proposed including nitride hardening, carbo-nitriding and titanium nitride

coating. Surface finish improvements on the hardened parts should also reduce initial
wear. A program will be required to prepare parts intended for wear resistant behavior
and to evaluate the parts by high speed testing with quantitative evaluation of wear
behavior by gravimetric or other means. On completion of such an additional program,

this clutch design would be provisionally suitable for application at the turbine shaft in a
rotorcraft driveline.

7. Summary

During the course of this program, two MD type overrunning clutches for high speeds

were designed. One of the designs was implemented as a set of prototype clutches for
high speed overrun testing. A high speed test stand was utilized for performing
overrunning and engagement tests at speeds up to 20,000 rpm. MD overrunning
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clutches were tested at moderate speed, up to 10,000 rpm and substantial thermal

problems associated with oil shear were encountered. The MD design was modified,
the modified parts were tested, and by program end, clutches were tested in excess of

20,000 rpm without excessive lubricant temperatures. Some correctable wear was
observed and remains as a clutch characteristic which needs further improvement. A

load cycle tester with a special, long sample section was designed, built and then
prototype clutches were fatigue tested to verify that the clutch design was suitable for

carrying the specified power levels. Load cycled parts were subjected to approximately
300,000 cycles of twice normal load with the clutch locking elements showing no signs
of distress. Adjacent torque carrying portions of the clutch did not allow longer testing;
however, it is believed that the clutch strength and life was shown to be adequate.
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1.0 INTRODUCTION

As part of a Phase II SBIR contract to design, fabricate and evaluate an aircraft quality

lightweight 0vemmning clutch for operation at speeds from 0 to 30,000 rpm, BHTI has been
subcontracted by Epilogics, Inc. to conduct the clutch overrunning and engagement tests. The

program is directed by the NASA Lewis Research Center, Cleveland, OH.

The objective of the overrunning and engagement tests is to provide confidence in the proposed

clutch design by demonstration of the following:

- Ovemmning at maximum oil-in temperature and worst case speed differential with no
damage or wear.

- Successful engagement after overrunning simulating rotorcrafl engine ramp rates.
- Successful engagements at cold temperatures simulating romrcraft engine ramp rates.
- Fail-safe failure (no lock-up) during 30 minute loss-of lube operation.

2.0 TEST SPECIMEN

The test specimen shown in Figure I consists of a pocket plate (P/N 100869C1), a notch plate
(P/N 100865C1), cam (P/N 100871, 3 pl), strut (P/N 200213, 3 pl), spring 0 pl), lock washer

(P/N200216, 2 pl), retainer (p/N 200214), spacer (P/N 200313), and backing ring (P/N 100872)
with Smalley retaining ring WH-590. The test assembly was designed as shown to operate in the

existing test fixture assembly shown in Figure 2.

3.0 TEST APPARATUS AND INSTRUMENTATION

The tests will be conducted in cell 103 using the high speed overrunning test fixture shown in

Figure 2. The input (pocket Plate 100869CI) and output (Notch Plate 100865C1) shafts are

independently driven by variable speed motors through speed increaser gearboxes at variable
speeds from 0 to 30,000 rpm. Operation at speeds above 20,000 rpm will be permitted only if
safe and stable vibration levels are demonstrated and maintainable. The drive motors only

provide the torque necessary to overcome the frictional, windage and churning losses of the

clutch assembly and the required acceleration rates. No torsional loading devices (e.g.
dynamometers) are required for these tests. Additionally the input drive motor is capable of
accelerating the pocket plate at 2600 rpm/see (simulates engine start-up) up to 20,000 rpm.
Separate lub¢ systems supply oil to the test specimen and speed increaser gearboxes. The test

specimen lube system is capable of supplying lubfi_tion at-40 to +230 ° F with variable
pressure from 0 to 100 psig. The test lubricant will be DOD-L-85734. An insulated refrigeration
box will be constructed around the test specimen for the cold engagement tests.

37



//.

/

200214 RCTAIN£R

595-322-329 _ET

T-COUPLe

,IL-IN FOR
UPL(x BRG

1G-SO NIPPLE

;,

ME3_4B/I-241 O-R!NG

S99AA3SS-IQI SHIM
PEEL TO OBTAIN
.DO3 - .005 PINCH
ON DUPLEX BEARING

Figure 1: _[¢cbanical Diode Clutcb Assembly Installation
38

_ll I



A|0|-I r REIJLAND

| 00 HP MOTOR

INN[_ RAC_ DRIVE MOTOR

SPE[0 tNCREASER G(ARBOX
fOR txNE_ RACE

OiL PUMP FOR

T_$T _P[CIM[N

C_UTCH HOUSIN0

$ G_L Ot_ R[S£RvOtR

SP££0 INCR£ASER O£ARBOX

FOR OUTEm _A¢_

ZuRN COUPLING

-r R[ULAMD

100 Hm MOTOR
0UTER RACE 0RtV( MOTOR

Figure 2: Qutch Overrunning Test Stand

39



/

. f "

The following test parameters will be monitored and recorded at 2 second intervals during all

testing:

Time of Day
Total Test Time

Test Cell Ambient Temperature
Input Shaft rpmandRateof Acceleration
Input Shaft Torque

Output Shaft rpm

Oil Inlet Temperature (measured at Jet Discharge as shown in Figure 1)

Oil Outlet Temperature (2 places as shown in Figure 1)

Oil Inlet Flow Rate and Pressure (measured at Jet Inlet)

Support BcJuing Temperatures (4 places as shown in Figure 1)

4.0 OIL FLOW OPTIMIZATION/SHAKEDOWN

The oll flow optimization/shakedown tests shall be conduced in accordance with Table I using

DOD-L-85734 oil.

With the initial oil inlet pressure held at 60 + 5 psig at 160 ° :t: 10 ° F inlet temperature, conduct

the five differenti_ speed sweep tests of Table I. Set the notch plate speed as specified for each

step, then increase the pocket plate speed from 0 to the _ecified speed at a constant rate of

increase over the 0.5 hour run time. When the maximum pocket plate speed is reached, shut off

the notch plate drive motor, and verify clutch engagement. During each step, the oil flow rate

through the clutch assembly shall be increased as reqtflred by increasing the oil inlet pressure in

order not to exceed 230 ° F oll outlet temperature while maintaining the oil inlet temperature at

160 ° ± 10 ° F.

If the oil-out temperature exceeds 230 _ F, the test shall be suspended and the clutch disassembled

for inspection. If no wear or damage has oc_ured, the clutch will be reassembled and the test step

repeated with a 10 ° F increase in the oil-out temperature allowed. Repeat this process as

ne_ssary to complete the test step. All testing will be suspended if excessive wear or damage is

observed after any step.

Steps 4 and 5 shall only be conducted ifstable operation oftbe test stand can be maintained,

After each test step the clutch assembly shall be disassembled, visually inspected and

photographed. Dimensional inspections shall be made to document any wear on the notch plate,

pocket plate, cams, or struts. :

• !
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Table I: Oil Flow Optimization Tats

STEP POCKET PLATE SPEED

(P,Pl_

o- to.2oo
2 o. ,s oo

o- 2o,2 o
4 0 - 25,200

5 o. 3o oo

NOTCH PLATE SPEED RUN TIME -

OU'l_ 0as)
,,m ,

I 0,000 0.5

15,000

20,000

25,000

30,000

0.5

0,5

0.5

0.5

5.0 HOT OVERRUNNING AND ENGAGEMENT TESTS

The hot overrunning and engagement tests shall be conducted in accordance with Table II using

DOD-L-85734 oil at 230 ° 4. 5OF. The optimum oil inlet pressure _: 5 psig, as determined in the

oil flow optimization tests, shall be hdd throughout each test step. The same components used in

the oil flow optimization tests will be used for this test if acceptable to Drive System Design

Engineering.

Steps 3 and 4 shall only be conducted if stable operation ofthe test stand can be maintained.

i

With the notch plate set at the speed specified for each step, increase the pocket plate speed from

0 to the intermediate speed specified in Table II at a constant rate of increase over a .5 hour run

time, then increase the pocket plate speed from the intermediate speed to the final speed at a rate

of 3000 + 600 rpm/sec or at the maximum acceleration rate capability of the pocket plate drive

motor if less than 2400 rpm/sec. When the maximum pocket plate speed for each step is reached,
shut off the notch plate drive motor, and verify clutch engagement.

Afcer each test step the clutch assembly shall be disassembled, visually inspected and

photographed. Dimensional inspections shall be made to document any wear on the notch plate,
cams, and struts,

Table II: Hot Overrunning and Engagement Tests

STEP

I

2

3
l, l,

4

POCKET PLATE SPEED

0- 13,000- 15,200

0- IS,000- 20300 ,,,0 - 23,000 - 25300
i ii J

0 - 28,000 - 30,200

NOTCH PLATE SPEED

OU'M)
m|| t

15,000 0.5

20,000 0.5

25,000 0.5

-3o ooo
_m_ |, __L

0.5
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6.0 COLD ENGAGEMENT TESTS

The cold engagement tests shall be conducted in accordance with Table III using DOD-L-85734
oil at the oil reservoir temperatures specified. The same components used in the hot overrunning

and engagement tests will be used for these tes_ if acc,eptable t0_ve System Design

Engineering.

The 1st engine start tests, steps I & 2, shall be performed per the following procedure (Step 2
shall only be conducted if stable operation of the test stand can be maintained):

Bring the components and oil reservoir to the specified initial temperatures ± 5° F.

Accelerate the pocket plate to the specified test speed at a tmiform rate of 300 + 50 rpm/sec..

Verify notch plate speed matches pocket plate speed. Notch plate motor shall remain off

during entire run.

Oil pressure shall be provided to the clutch 5 to 10 seconds after start of pocket plate rotation.
Oil pressure shall be increased uniformly to 100 psig as pocket plate reaches specified speed.

The 2nd engine start tests, steps 3 through 12, shall be performed per the following procedure:

(Steps 8 through 12 shall only be conducted if stable operation of the test stand can be
maintained.) .

Bring the components and oil reservoir to the specified initial temperatures -_ 5° F.

Accelerate the notch plate to the specified test speed at a uniform rate of 300 ± 50 rpra/sec,

then dwell at the specified speed. The total run time from start ofthe notch plate rotation to
the end of the notch plate dwell time shall be 120 seconds.

Oil pressure shall be provided to the clutch 5 to 10 seconds after start of the notch plate
rotation and shall increase uniformly to 100 ± 10 pslg as the notch plate speed reaches the

specified test speed. During the dwell time, the oil pressure sludl decrease from 100 psig to
•the optimum oil inlet pressure 4. 5psig, as determined in the oil flow optimization tests.

At the end of the notch plate dwell time, the pocket plate rotation shall be initiated and
accelerated from 0 to the specified test speed plus 200 rpm in 40 seconds. The pocket plate

acceleration shall be 1300 4- 250 rpm/sec at engagement. Verify engagement.

After each test step the clutch assembly sludl be disassembled, visually inspected and

photographed. Dimensional inspections shall be made to document any wear on the notch plate,
pocket plate, cams, and struts,
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TABLE III: Cold Temperature Engagemeat Tests

TEST CONDITION
STEP

I 1st Engine Start

2 i st Engine Start

3 2nd Engine Start

4 2ad Engine Start

5 2nd Engine Start

6 2nd Engine Start

7 2rid Ensine Start

8 2nd Engine Start

9 2rid Engine Start

10 2nd Engine St_t

l i 2nd Engine Start

12 2nd Engine Start

INITIAL COMPONENT &
RESERVOI_ TgMPERATURE

•4O° F

-I0" F

-20 oF
, |

-30°F

-40" F

O_F
.... .m

-IOOF

-20oF

-30eF

TEST SPEED

OWM)

20,_)0

30,000
m

20,000

20,000

20,000
20,000

20,000

30,000

30,000

30,000

30,000

F 30,0OO

7,0 45 HOUR OVERRUNNING WEAR EVALUATION

The 45 hour ovemmning wear evaluation test shall be conducted in accordance with Table W

using DOD-L-85734 oil at 200 ° ± 5*F. The optimum oil inlet pressure + 5 psig, as determined in

the oil flow optimization test, shall be held throughout each test step. A new set of clutch

components shall be assembled for this test (notch plate, pocket plate, struts, springs and cams).

With the notch plate set at the speed specified for each step, increase the pocket plate speed from

0 to the intermediate speed specified in Table IV at a constant rate of increase over the 0.5 hour

run time, thea increase the pocket plate speed from the intermediate speed to the final speed at a

rate of 3000 ± 600 rptrdsec or at the maximum acceleration rate capability of the pocket plate

drive motor if less than 2400 rpm/sec. When the maximum pocket plate speed for each step is

reached, shut off the notch plate drive motor, and verify clutch engagement. After each step,

return the pocket plate to 0 rpm then set notch plate speed for the next step.

Repeat Table IV 30 times to accumulate 45 hours of run time. Test steps do not have to be run

consecutively, e.g. the test may be stopped after step I then resumed starting step 2.

Step 3 shall only be conducted if stable operation of the test stand can be maintained. If step 3

can not be run, then repeat steps I and 2 a total of 45 times to accumulate 45 hours.

The clutch assembly shall be disassembled, visually inspected and photographed after each 9

hours of run time (5 disassemblies in 45 hours). Dimensional inspections shall be made to

document any wear on the notch plate, pocket plate, cams, and struts.
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Table IV: 4S Hour Overrunning Endurunce Test

STEP

!

2

POCKET PLATE SPEED

0tPM)
0- S,00o-

0 - 18200 - 20,200

0 - 28,2OO - 30,20O

NOTCH PLATE SPEED

0U'M)
10,000

20,000
m

30,000

RUN TIME

OJR)

0.5

0.5

0.5

8. LOSS-OF-LUBE TEST

The loss-of-lube test shall be condueU_d using DOD-L-85734 oil.

Operate the clutch at the maximum stable clutch stand speed up to 30,000 rpm and with oil-in

temp at 200 ° + 10 ° F at the optimum oil inlet pressure 4. 5 psig, as determined in the oil flow

optimization test. The clutch shall be engaged with the pocket plate driving and the notch plate

driving at 200 rpm slower than pocket plate. When the oil-out temperature stabilizes (no increase

in temperature in 2 minute period), cut-off.the clutch oil supply and reduce the pocket plate

speed to 0 rpm. Run for one hour or until the clutch re-engages due to failure or until the notch

plate drive motor fails to transmit torque.
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Initial Version

High Speed Overrunning Test Prototype
Drawings
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High

Final Version

Speed Overrunning
Drawings
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High Speed, Lightweight Overrunning
Clutch For Rotorcraft

Contract #NAS3-27387

Epilogics, Inc

The Epilogics Mechanical Diode

• A planar, high resolution ratchet type OWC

• Positive locking, high tomional stiffness

• Oil managed, "non-contact _ overTunning

• Proven in racing and passenger car applications

Epllogics, Inc

MD Operation

• Simple geometry

• Low stresses

LDCKED

Epilogics, Inc

Phase 1

• Developed two I_rimary design concepts

• Selected one design for further devdopment

• Completed design calculations

Epilogios, Inc
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Phase 2

Prototype and Evaluate at BHTI

• Constructed initial prototypes based on Phase 1 design

• Performed nominal overrun testing of the prototypes

• Revised the design based on test results and tester geometry

• Fabricated test prototypes

• Performed overrun testing and design modifications

• Performed load cycle testing

E pilogics, Inc

Project Discussion

• The Design
• Intended Operation
. Critical Aspects and Calculations

• Development
• InitialOverTun Testing
. Subsequent Modificationsand Results
• LoadCycle Testing

E pilogics, Inc

Design Overview

• Intended Operation of the "Helicopter" ME)

• A More Detailed Look at the Design

Epilogics, Inc

Mechanical Diode Essentials

• How the Strut Transfers T_rque

• How we Ensure that the Strut is Biased and will Cam into the Notch

• How the Counterweight Provides High Speed Strul Biasing

• Lubrication

Epilogics, Ins
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How the Strut Transfers Torque

STRUT COMPRESSIVE

FORCE

\

A×IAI.

FoRcrs

EI_Iooics,Inc

Howwe Ensurethe StrutCams into the Notch

Sl_1 IN rOLL tNC._G_'NEkT WORST r.J,$[ (;_-IN AkC_L[

Io [_$_1_ RC_tA=L£ tNG_Ng_T

E pilogics, Inc

The Need for a Counterweight

Epilogics, Inc

LOAO

How the Counterweight Provides Strut Biasing

CENTRIFUGAL

LOAD

E pilogics, Inc
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MD Lubrication

=The strut needs to stay submerged

• Flow is required to prevent overheating of lubricant

Epilogics, Inc

Lubrication: How it's done

NOTC_PL_T[

Epilogics, Inc

Some Further Detail

• Frictional Effects Preventing S_ut Rotation

• Counterweight Design
- Force Resolution
- Stress

• Ultimate Strength

• Fatigue Life

• Fluid Drag

• Horsepower Losses

Epilogics, Inc

Friction

Frictional Effects Preventing Sf_ut Rotation

,/,/

Epilogics, Inc
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Frictional Effects on Strut

Fnctional Effects Preventing Strut Rotation

Epilogics, Ire

Forces Affecting the Strut and Counterweight

Counterweight Design

FcFs_

Epilogics, Inc

F'W

®
Fc£c

Fr" Fw

Mo,)O

O.

Counterweight Contact Stress

Counterweight Design

• Contact Stress at Pivot

Max stress=.591 *((Fr_.*E)/Kd)^.5

- Kd=(DI*D2)/(D1 +D2)

• 27,454 psi

Epilogics, Inc
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Initial Tests

We discovertha! the MIDoverheatsduringsustainedoverrunningat
moderatespeeds

Epilogics,Inc

Initial Test Observations

• Oil temperaturerisethroughthe MD wastoo high

• Therewas someevidenceof excessiveheaton the notchplate back
• Strutsandnotchesshowedexcessiveand unevenwear

Epitogics,Inc

Notch Plate - Initial Version

Epilogics,Inc

Strut & Counterweight - Initial Design

:::i:i:_¢?i¢i:,v.:

::::_:::_:_:_.::
::::::::::::::::::::::
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ii;!i!!ii!i!_
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==========================================

i!iii!i! : "   ii::!ii:ii i ii:::ii:iiiiiiiiii:,
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Epilogics,Inc
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First Modifications

• Reduced the oil shear area on the back of the notch plate

• Recontoured the counterweights for contact closer to the strut centers

• Reduced the overhung mass of the counterweights

• Increased the ID of the back up plate to reduce trapped oil volume

Epilogics, Inc

First Modification Details

Epilogics, Inc

050

Second Test Series

Decreasing oil shear reduces the oil exit temperature

Epilogics, Inc '

Second Test Series Observations

• Decreasing oil shear decreased oil temperature to 60% of initial values

• Recontoudng counterweights made strut wear more uniform

• Oil temperature rise is still too large for operatio_ at 20,000 rpm

• Skuts and countenNeights continue to wear duMng overrunning

Epilogics, Inc

71



SecondSetof DesignModifications

• Increase shear relief on back of notch plate

• Decrease the width of the notch plate locating ring

• Add o_ wedge forming ramps to the notch plate locating ring oil grooves

• Relieve surface of pocket plate except for pocket "pedestals"

• Drill oil drain holes in pocket plate to limit the oil shearing ring

• Make counterweights out of Titanium agoy to reduce st_ul force

Epllogics, Inc

Second Modification Details

/
\ _____/

\ i /
 __Jl

Epllogic=, Inc

/

/

/

\

,060

Third Test Series

Further reductions in oil shear improve oil lemperature

Epitogics, Inc

Third Test Series Observations

• Reduction of oil shear opportunities further reduced oil temperature rise

• Titanium counterweights further reduced strut wear during overrunning

• Although improved, oil temperatures were still too high for over 20.000
rpm overrunning operation

Epllogics, Inc
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LID Ullimill _lrlngth

Ultimate Strength

Epilogics, Inc

Tangent-Modulus Method

Ultimate Strength

o'cr=PcdA=(n^2*E *lffL^2 *A, Ecder

provided that Gcr<crpl

_cr=Pcr/A=(_t^2*Et*I)/L^2* A, Engesser

provided that _cr<Gy

Ep_logics, Inc

Results

Ultimate Strength

IRret= vii. Ila'_t

0 0,001 0,002

rt
I

0,003 0.004 O,OOS O.OOa

E pilogics, Inc Max Torque=2473 lt-lbf

MD Fatigue Life

Fa_gue Life

=Typical Fatigue Crack Initiation Sites

• High Cycle Fatigue

- Ring groove

- Pocket Relief Comers and Edges

• Low Cycle Fa_gue

- Ring Groove

- Notch Relief Corners and Edges

Epilogics, Inc
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Ring Groove Fatigue

Fatigue Life
L_e_r No_e_

Cifc _reren_iol

Epilogics,Inc

Principle Stresses

Fatigue

. Circumferential Stress (O-70,000 ps_
- Dynamic Stress from Rotation

- Radial Stress (0-100ps_
- Dynamic Stress fromRotation

, Axial Stress (O-3,000psi)
- Axial Stress from LockupLoad
- Bending S_'ess

Epilogics, Inc

.... Fluid.,_.__,,,,_,_Drag on aSpinn,,,,,..!ng Disk .............

Fluid Drag

• Fluid Drag Induced Moment

t_Cm(.S-r* CÔ 2 *Rn^5)

- where:

- Rn=Reynolds #

- Cm=Moment Coe_cient

- co=Angular Velocity

E pilogics, Inc

Resulting Horsepower Losses

0 Horsepower vs. Speed

_llMllltltlllllllflllllllllllll
40_llllllllllllllIlllII_l
_JlJ_Jllllllllllllllllllllllllllltllllllllllltllllll_lff

3o_llll_llllllllllllll[llllllllllllllllliil_
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIilIIIIII_IIII®IIII1

• [_]__IlIIIIIII[IIIIIIIL_IIIIIIIIIIIIIIII
to_l_J_ll_Jlllllllllllll_lllllltllllllll_
_[]]]]_[[llllllllllLi_illllll_

o
0 50O0 1O0O0 15OO0 2OOOO25OO0 30000

Speed (RPM)

Eldlogics, Inc
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' High Speed Overrunning Development

E pilogics, Inc

Overrun Test Plan Objectives

Developed by BHTI

• Overrunning at maximum temperature & highest speed differential

• Engagement at speed after overrunning

• Engagements at cold temperatures

• Fail-safe failure (no lock-up) during 30 minute loss of lube lest

Epilogics, Inc

Test Parameters Monitored

• Time of Day

• Total Test Time

• Test Cell Ambient Temperature

• Input Shaft Speed

• Output Shaft Speed

• Oil Inlet Temperature

• Oil Outlet Temperature (2 places)

• Oil Inlet Row Rate and Pressure

• Support Bearing Temperatures

Ep/Iogics, Inc

BHTI Test Stand

Epilogics, Inc
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Pocket Plate - Second Mod Series
I

Epilogics, Inc

Backing Plate - First & Second Mod Series

Epilogics, Inc

Third Set of Design Modifications
][i i iii

• Increase the size of the oil drain holes in the pocket plate

• Use AerMet-lO0 notch plates with ag previous modircations

• Surface harden struts and pocket plate by nitriding

• Build a special notch plate with angled oil feed holes

Epilogics, Inc

Third Modification Details
-- ................. ,, i i

Epilogics, Inc
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Epilogics, Inc

Fourth Test Series

Good Performance to Limits of Test Stand

Fourth Test Series Observations

• Thermal behavior was improved, probably acceptable

• Wear degree and uniformity was improved, probably manageable w_th
matedal changes except for:

• Spnng wear remained surprisingly high; needs improvement

Epilogics, Inc

Pocket Plate -Third Mod Series

Epilogics, Inc

Counterweight & Strut - Third Mod Series
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Notch Plate -Third Mod Series
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Notch Plate -Third Mod Series
i i

Fatigue Life Testing

Test Plan

• Load cycle at maximum continuous torque
• 875 ft-lb applied moment each cycle
• Cycle at 2 cycles per second
, Duration - 20,000 cycles or failure

• Load cycle at the limit torque
• 1750 ft-lb applied moment each cycle
• Cycle at 3 or more cycles per second
• Duration - 1,000,000 c_,cles or failure

Epiloglcs, Inc Epilogics, Inc

Load Cycle Tester
ii ii iiiiiii
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FatigueTest R__esults........

• Load cycle at maximum continuous torque
, 20.000 cycles completed
- No evidence of distress on struts, pockets or notches
, Minor fretting corrosion on the MD bearing housing

• Load cycle at the limit torque
, Fixture failed at 2.091 cycles
• Made new fixture with integral, heat treated spline

, Completed 296.143 cycles, notch plate shaf_ failed
• No evidence of distress on struts, pockets or notches

Epilogics. Inc

Strut - 20,000 Load Cycles
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Notch Plate - 20,000 Load Cycles
i

Conclusions
i i

• MD type one-way clutches can overrun and engage reliable at speeds
up to 20.000 rpm

• Additional development is required to reduce counterweight and spring
wear to acceptable levels
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